Abstract. Mycorrhizal networks (MNs) are fungal hyphae that connect roots of at least two plants. It has been suggested that these networks are ecologically relevant because they may facilitate interplant resource transfer and improve regeneration dynamics. This study investigated the effects of MNs on seedling survival, growth and physiological responses, interplant resource (carbon and nitrogen) transfer, and ectomycorrhizal (EM) fungal colonization of seedlings by trees in dry interior Douglas-fir (Pseudotsuga menziesii var. glauca) forests. On a large, recently harvested site that retained some older trees, we established 160 isolated plots containing pairs of older Douglas-fir ''donor'' trees and either manually sown seed or planted Douglas-fir ''receiver'' seedlings. Seed-and greenhouse-grown seedlings were sown and planted into four mesh treatments that served to restrict MN access (i.e., planted into mesh bags with 0.5-, 35-, 250-lm pores, or without mesh). Older trees were pulse labeled with carbon ( 13 CO 2 ) and nitrogen ( 15 NH 4 15 NO 3 ) to quantify resource transfer. After two years, seedlings grown from seed in the field had the greatest survival and received the greatest amounts of transferred carbon (0.0063% of donor photo-assimilates) and nitrogen (0.0018%) where they were grown without mesh; however, planted seedlings were not affected by access to tree roots and hyphae. Size of ''donor'' trees was inversely related to the amount of carbon transferred to seedlings. The potential for MNs to form was high (based on high similarity of EM communities between hosts), and MN-mediated colonization appeared only to be important for seedlings grown from seed in the field. These results demonstrate that MNs and mycorrhizal roots of trees may be ecologically important for natural regeneration in dry forests, but it is still uncertain whether resource transfer is an important mechanism underlying seedling establishment.
INTRODUCTION
Mycorrhizal networks (MNs) are fungal hyphae that directly connect roots of two or more plants. There is evidence that MNs exist Read 1986, Lian et al. 2006) , mediate interplant-resource transfer (Simard et al. 1997 , Lerat et al. 2002 , influence plant competition (Kyto¨viita et al. 2003) , and play a role in ecosystem functioning (Leake et al. 2004 , Simard and Durall 2004 , Selosse et al. 2006 ; however, the role of MNs in interplant carbon transfer remains controversial (Wilkinson 1998 , Perry 1999 , Fitter and Robinson 2000 , Whitfield 2007 ). Much of the controversy surrounds MNs formed by arbuscular mycorrhizal (AM) plants, where transferred carbon appears to remain in the fungal tissue (Pfeffer et al. 2004) . By contrast, studies on plants associated with ectomycorrhizal fungi (EM) have consistently shown that MNs facilitate interplant carbon transfer (Reid and Woods 1969 , Brownlee et al. 1983 , Read et al. 1985 , Finlay and Read 1986 , McKendrick et al. 2000 . The most unequivocal evidence comes from mycoheterotrophic plants, which have been shown to receive ecologically significant amounts of carbon transferred from surrounding trees through MNs (Bidartondo 2005 , Selosse et al. 2006 .
If MNs provide a route for carbon to be translocated to carbon-limited EM plants, then an increase in plant fitness may be expected. This additional carbon may be critically important for survival of suppressed EM seedlings in the understory of forests (Read et al. 1985) . Evidence for the effects of MNs on seedling establishment (Nara 2006) , survival (McGuire 2007) , and growth (Booth 2004) suggests they can be beneficial 4 E-mail: teste@ales.ualberta.ca or without consequence (Kranabetter 2005) , but it remains unclear whether carbon transfer is responsible for MN effects on seedling performance. There is evidence that interplant carbon transfer through MNs is regulated by source-sink relationships between plants (Francis and Read 1984 , Read et al. 1985 , Finlay and Read 1986 , Grime et al. 1987 , Simard et al. 1997 . For example, increasing the sink strength (e.g., by shading, clipping, or natural senescence) of ''receiver'' plants has resulted in increased carbon transferred from ''donor'' plants (Simard and Durall 2004 and references therein) . It has also been hypothesized that carbon movement in MNs is regulated by the source strength of donor plants (Grime et al. 1987, Pietika¨inen and Kyto¨viita 2007) . Maple seedlings transferred more carbon to trout lilies when their leaves were fully expanded in summer compared to spring, but this also corresponded with increased sink strength of developing trout lily corms (Lerat et al. 2002) . Where increasing source strength of ''donor'' plants has been manipulated in isolation of sink strength using elevated CO 2 , the extent of carbon transfer has not increased (Fitter et al. 1998) . Thus, there is a need for more research to clarify the implications of altering source strength on interplant carbon transfer.
Interplant nitrogen transfer can also occur (Selosse et al. 2006 and references therein), but evidence relating the relative importance of MNs compared to indirect transfer pathways is lacking (He et al. 2003) . The amount of nitrogen transferred also appears to be regulated by source-sink gradients between plants (Simard et al. 2002 , He et al. 2004 ; however, the degree of mycorrhization (van der Heijden 2002) and levels of other macronutrients in the soil (Ekblad and Huss-Danell 1995) are also important factors. Recently, nitrogen transfer has been observed between non-nitrogen fixing EM and AM plants , and since hyphal fusion between Glomeromycete and Basidiomycete/Ascomycete fungi is unlikely, that study suggests that MNs may not be important. However, these studies do not rule out a role for MNs, but rather demonstrate that indirect pathways exist. More research separating the contribution of MN and indirect transfer pathways to nitrogen transfer is needed.
The main objective of this study was to determine whether access to a MN enhances seedling establishment and carbon or nitrogen transferred between EM plants, and whether this varies by donor tree size. We also determined the degree of EM similarity (i.e., potential for MN formation) between Douglas-fir trees and seedlings and how restricting access to MNs affected the EM status (i.e., colonization, richness, and diversity) of seedlings. The following hypotheses were tested: greater access to a MN results in greater (1) seedling survival, (2) growth and physiological responses, (3) carbon and nitrogen transfer from donor to receiver, (4) EM similarity between trees and seedlings, and (5) EM status of seedlings. We also hypothesized that the magnitude of carbon transferred is positively correlated with donor tree size. We tested these hypotheses in dry, uneven-aged Douglas-fir forests at the grassland interface in southern interior British Columbia, Canada. These forests were appropriate systems for such a study because regeneration success is limited both by drought stress and mycorrhizal colonization (Simard et al. 2003 , Teste et al. 2006 ; seedlings preferentially regenerate in the understory of mature trees that commonly survive fire disturbances (Vyse et al. 2006 , Klenner et al. 2008 , and earlier studies suggest there is high potential for MNs to link together multiple Douglas-fir cohorts, suggesting a regeneration facilitation mechanism Durall 2004, Twieg et al. 2007 ).
METHODS

Site description and experimental design
The study site was selected in fall 2003 in the dry, cool subzone of the Interior Douglas-Fir (IDFdk) biogeoclimatic zone (Meidinger and Pojar 1991) . This large site (6.7 ha) was located ;50 km northwest of Kamloops, British Columbia, Canada (120817 0 52 00 W, 50856 0 32 00 N) at an elevation spanning 1150-1200 m above sea level. The site had been logged one year previously using variable retention harvesting, where advanced regeneration interior Douglas-fir (Pseudotsuga menziesii var. glauca) trees (referred to as ''donor'' trees hereafter) were retained in low densities throughout (see Table 1 for tree characteristics). Other vegetation left on site was dominated by subalpine fir (Abies lasiocarpa), soopolallie (Sherpherdia canadensis), and pinegrass (Calamagrostis rubescens). Seedlings grew in full-light conditions, as typically found on clearcuts (see Appendix B for photographs). Over 400 donor trees with heights from 0.2 to 2 m were identified and numbered, of which 160 were randomly selected and assigned to one of four mesh treatments. In these four treatments, seeds were sown (referred to as ''in situ seedlings'' hereafter) or seedlings were planted (referred to as ''planted seedlings'' hereafter) into mesh bags with 0.5-, 35-, or 250-lm pore sizes, or directly into soil (no mesh) on 22 May 2004. All were 0.5 m away from the selected donor tree in a direction randomly selected from the four cardinal points (north, south, east, or west).
The purpose of the mesh treatments was to control seedling access to a mycorrhizal network (MN; Robinson and Fitter 1999) . The mesh was also used to assess the capacity for donor trees to actively colonize nearby seedlings via a MN, thus determining the importance of MN-mediated colonization. Seedlings planted in 0.5-lm mesh bags could be colonized by wind-or soil-borne propagules, but not by the donor tree's MN, nor could hyphal anastomosis occur between fungi extending from donor roots and seedling roots because the pores were too small for hyphal penetration (Teste et al. 2006 ). In our previous field and lab studies (Teste 2008) , we never observed intact rhizomorphs penetrating the 35-lm mesh. We did notice, however, that rhizomorphs were capable of breaking down into an unstructured form at the surface of the 35-lm mesh, thus allowing penetration by small groups of hyphae, but these occurrences were rare. Hence, MNs of seedlings in the 35-lm mesh bags were primarily formed by individual hyphae. Seedlings planted in 250-lm mesh bags could form a MN by single hyphae or rhizomorphs. Seedlings planted directly into soil (no mesh) could form hyphal and rhizomorph MNs, and their roots were free to intermingle with tree roots, thus permitting ''contact'' and some ''short-distance'' exploration ectomycorrhizal (EM) types to form shortdistance hyphal connections (Agerer 2001) . The occurrence of short-distance MN connections was eliminated or considerably reduced in the 35-and 250-lm mesh treatments because the thickness (;0.32 mm) of the nylon mesh was greater than the typical length (0-0.25 mm) of the hyphae extending from roots into the soil (extramatrical hyphae or cystidia) of most ''contact'' and ''short-distance'' exploration types (Agerer 2001 ). Since we observed no occurrence of root grafting and root intermingling was rare (especially among in situ seedlings), comparisons between the no-mesh (hereafter referred to as having full access to the MN) and 0.5-lm mesh treatments indicated the full potential effect of the MN on seedling performance, resource transfer, and EM colonization.
All mesh bags were made of sturdy plain-weave nylon (Plastok, Birkenhead, UK), had a volume of 6185 cm 3 , and the 0.5-, 35-, and 250-lm mesh had an estimated percentage open pore space of 13.3%, 34.0%, and 54.1%, respectively. Because of concern that fine mesh (0.5 lm) might impede water flow, we conducted a small pot experiment to test for differences in water flow across the mesh. We found that soil water moved freely across the 0.5-lm mesh within minutes.
For 80 of the donor trees, 25 interior Douglas-fir seeds were manually sown into the surface soil of each randomly assigned mesh-bag treatment (i.e., 25 seeds per mesh bag). Seed predation was excluded by mosquito netting, which was either glued onto the rim of the mesh bags or buried into the surrounding soil for the no-mesh treatment. The mosquito netting was removed after germination. For the remaining 80 donor trees, interior Douglas-fir seedlings were planted into the assigned mesh-bag treatment (i.e., one seedling per mesh-bag treatment). When inserting the mesh bags (15 cm diameter and 35 cm deep), we minimized soil disturbance by carefully excavating the soil in three distinct soil layers (intact forest floor, A horizon, and B horizon) and replacing these layers into the bags in the same order. Prior to placing the seed or planted seedlings in the ground of the no-mesh treatment, the surrounding soil was disturbed to ensure initial soil disturbance was consistent across treatments. The seeds and seedlings were tested in separate experiments, where the four mesh treatments were organized in a completely randomized design with 20 replicates in each experiment. The two experiments included a total of 2000 sown seed and 80 planted seedlings. Seeds (seedlot number 48520; British Columbia Ministry of Forest and Range Tree Seed Center, Surrey, British Columbia, Canada) were moist stratified at 48C for 21 days prior to sowing in the field. Planted seedlings (seedlot number 48520) were grown at the University of British Columbia (Vancouver, British Columbia, Canada) greenhouse for 6 months in 512B styroblocks (Beaver Plastics, Edmonton, Alberta, Canada). They were non-mycorrhizal (verified visually under 20-80 or 4003 magnification after clearing and staining) and ranged in height from 5 to 19 cm at the time of planting.
A square area (3 3 3 m) was trenched around each donor tree and seedling pair to a soil depth of 50-60 cm to exclude the influence of surrounding tree roots. Trenches were lined with heavy polyethylene and refilled with excavated soil. All vegetation in the square area was clipped throughout the first growing season and then sprayed twice (2005 and 2006) with glyphosate (donor trees and seedlings were covered) to eliminate interspecific plant interactions. F v is the maximum fluorescence yield minus the minimum fluorescence yield, and F m is the maximum fluorescence yield.
situ seedlings was determined based on (1) the proportion of live seedlings to the total number of seedlings germinated per mesh bag and (2) the frequency of mesh bags with live seedlings. The first method corrected for the total number of seeds that had germinated in each mesh bag, thereby eliminating potential confounding effects of microsite and germination rate on survival, whereas the second method was simply based on presence or absence of a live seedling per mesh bag, thus representing survival at the site level (i.e., reforestation potential). All seedlings were destructively sampled between 21 July and 1 August 2006, their shoots severed from roots (see Methods: Carbon and nitrogen isotope labeling) and both tissues oven dried at 708C for 48 hours, then weighed. We noted at the time of harvest that seedling root extent was similar among all treatments, suggesting that lateral root extension was not confounding MN treatment effects; thus, treatments differed primarily according to the presence or pore-size of the mesh bags. Gas-exchange measurements were conducted with an LI-6400 portable photosynthesis system (LI-COR, Lincoln, Nebraska, USA) attached to an LI-6400-05 conifer leaf chamber (LI-COR). Measurements were conducted on all trees and seedlings in July and August of 2005 and in July of 2006 from 10:00 to 15:00 hours on days with photosynthetically active radiation (PAR) . 1000 lmolÁm À2 Ás À1 . Ambient air temperature typically ranged from 208 to 308C. During measurements, carbon dioxide (CO 2 ) concentration of air entering the chamber was kept constant at 400 lmol/mol with a fixed molar flow rate of 400 lmol/s and temperature inside the chamber ,258C. Measurements were made on attached lateral shoots that were arranged in the chamber such that selfshading of the needles was minimized. Gas-exchange measurements were recorded only when photosynthesis and transpiration rates inside the chamber were steady for at least 90 s. Needles inside the chamber were harvested in August and kept frozen until further processing. One-sided leaf area was measured with an LI-3100 leaf-area meter (LI-COR) in 2005 and ImageJ (v. 1.36b) computer software (available online) in 2006.
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Intrinsic water-use efficiency (WUE) was calculated as the ratio of CO 2 assimilation to H 2 O transpiration. Chlorophyll fluorescence was measured with a handheld chlorophyll fluorometer OS-30p (Opti-Sciences, Tyngsboro, Massachusetts, USA) following the method outlined in Teste and Simard (2008) during the same days as the gas exchange measurements. A subsample (0.5 g) of current-year needles was removed from shoots of donor trees and planted seedlings, oven dried overnight at 708C, weighed, and then sent to the Analytical Laboratory (British Columbia Ministry of Forests and Range, Research Branch) in Victoria, British Columbia, Canada for analysis of total N (Kalra and Maynard 1991).
Carbon and nitrogen isotope labeling
By May 2006, replication in the 0.5-lm mesh in situ seedling treatment was very low due to poor survival; therefore, for the C-transfer measurement only, we transplanted nearby 2-year-old naturally regenerated seedlings into five of the 0.5-lm mesh bags to increase replication. We categorized donor trees into three broad size classes (small, medium, and large) based on height and canopy diameter. Large gas-labeling bags (30, 60, and 100 L) were custom-made with five-ply transparent gas-tight polyethylene/nylon (FoodSaver; Jarden, Rye, New York, USA). Our calculations (based on previous experimentation) indicated that small, medium, and large donor trees should be pulse-labeled with 900, 1300, and 3200 mL of 13 CO 2 , respectively, in order to potentially yield d 13 C values 10% above background in receiver seedlings (see Plate 1). Prior to isotope gas labeling, 1-mL gas-tight syringes (Hamilton, Reno, Nevada, USA) and an LI-6251 CO 2 analyzer (LI-COR) were used to determine the amount of time needed for donor trees to reach the compensation point inside the gas-labeling bag after injecting regular CO 2 gas. This preliminary data determined the ideal duration of the pulse period for complete assimilation of the 13 CO 2 .
From 14 to 17 July 2006, donor trees were pulselabeled with CO 2 (99% 13 C; Cambridge Isotope Laboratories, Andover, Massachusetts, USA) using a 0.5-L gas-tight super syringe (Hamilton). After three hours, donor tree gas-labeling bags were removed and flushed. During this time, receiver seedling shoots were carefully covered with thick plastic bags to prevent accidental aerial enrichment. The bags were left on the receiver plants for ;5 minutes. After all gas-labeling bags were removed and flushed, potted interior Douglas-fir seedlings (referred to as ''aerial control'' seedlings hereafter) were placed in between the trees and seedlings to estimate the amount of re-fixed carbon via plant or soil respiration. After a seven day chase period, we harvested all donor trees and receiver seedlings (shoots and roots). All plant material was immediately placed into air-tight plastic bags and surrounded with dry ice during transport to the lab, where they were kept frozen at À208C until they were oven dried or washed with water (see Sampling of donor tree and receiver seedling ectomycorrhizas).
To examine interplant nitrogen transfer, one mediumsized donor tree was selected in May 2005 and isolated in a square area (;16 m 2 ) by trenching (50 cm deep). In June 2005, a two-year-old naturally regenerating interior Douglas-fir seedling (collected on-site from a skid trail) was planted in each of the four cardinal and four intercardinal directions (north, south, west, east, northeast, northwest, southeast, southwest) at 25-100 cm distance from the donor tree. In spring 2006, we used a fine spade to insert 0.5-lm mesh into the soil (30 cm deep), individually surrounding three of the eight seedlings. Nitrogen labeling of the donor tree began on 10 August 2006 and finished ;6 weeks later. We used a similar approach to He et al. (2006) , where centrifuge tubes (15 mL) were attached to branch ends of the donor tree. Branch ends were fitted to the tubes by removing some needles farthest away from the terminal bud but leaving at least 5 cm of intact needles inside the tube. After the tubes were attached, we injected 10 mL of NH 4 NO 3 solution (90 mmol/L, 98%þ, 15 N 2 ; Cambridge Isotope Laboratories) into each one. The tops of the tubes were covered with plasteline (Le Beau Touche´; Chavant, Farmingdale, New Jersey, USA) to reduce evaporation and keep them firmly attached to the tree branch. Altogether, 12 tubes were attached to donor branches with a total of 120-mL isotope solution. At the time of harvest, 76 mL of solution had been taken up by the tree. All tubes were intact and did not show any sign of leaks or spills.
Carbon and nitrogen isotope analysis
Donor tree and receiver seedling tissue (shoots and roots) was oven dried at 708C for 48 hours and then weighed. Donor tree tissue was first ground to 0.25 mm with an SM 2000 heavy-duty cutting mill (Retsch, Newtown, Pennsylvania, USA) and receiver seedlings with a Thomas Wiley mini-mill (Thomas Scientific, Swedesboro, New Jersey, USA) and then thoroughly mixed. An MM 200 ball mill (Retsch) was used to turn a 100-mg subsample of the rough-ground tissue into a 0.01-mm fine powder. After homogenizing the fine powder, we sampled 1 mg of shoot and root tissue for C and N isotopic composition. The samples were combusted and the liberated CO 2 and N 2 were analyzed for 13 
Carbon and nitrogen excess calculations
To convert d 13 C or d 15 N into mg of 12 C-or 14 Nequivalent excess in seedlings, we followed a modified version of the procedure outlined in Boutton (1991) . Sample tissue (shoots and roots separately) d
13 C values were converted to the absolute isotope ratio (R):
The molar fractional abundance (F ) was calculated as
The mass-based fractional abundance (MF) was then calculated as
The where Df is a dilution factor that corrects for the slight dilution of 13 CO 2 by the 12 CO 2 initially present in the gas-labeling bag. The same procedure for converting d 15 N to excess values was used, but we replaced molecular weights 13 and 12 with 15 and 14, respectively, in Eqs. 3 and 5, and there was no Df.
Sampling of donor tree and receiver seedling ectomycorrhizas
Concurrently with the donor-tree harvest in summer 2006, we randomly selected lateral donor-root sections from around each of the receiver seedlings. For seedlings planted directly into soil (i.e., without mesh bags), donor lateral roots were taken only after the seedlings were first carefully excavated. Donor tree root samples and the root systems of receiver planted seedlings were placed in plastic bags with loose soil and stored at 38C until further processing. All samples were processed within 2 months after field sampling. In early May of 2005 and 2006, three in situ seedlings were harvested from each mesh treatment, each from a different donor tree, for EM colonization assessment. The rest of the seedlings (i.e., not labeled) were harvested immediately after sampling the donor tree roots (26 months after planting). After clipping off the shoots, root systems with surrounding soil were placed in plastic bags and stored at 38C until further processing. All samples were processed within 3 months after field sampling.
Morphotyping and molecular identification of ectomycorrhizas
Roots of donor trees and seedlings were carefully washed under running tap water and then cut into ;2 cm pieces. All root fragments were placed in a tray containing distilled water and thoroughly mixed. We randomly subsampled and counted 200 EM root tips from each donor tree and seedling. Morphological descriptions were made with reference primarily to Goodman et al. (1996) and Hagerman et al. (2001) and to a minor extent to Ingleby et al. (1990) and Agerer (1985 Agerer ( -1998 . Roots were then dried and weighed.
DNA extraction and PCR amplification of the ITS region of nuclear rDNA was conducted on two subsamples per morphotype per host type. Extraction and isolation of DNA, sequencing and nucleotide Basic Local Alignment Search Tool (BLAST) searches followed methods outlined in Twieg et al. (2007) . Primer pairs used in PCR amplifications were ITS1F and ITS4 or, if amplification was not successful with that pair, NSI1 and NLC2 (Martin and Rygiewicz 2005) . Samples that were not successfully amplified or sequenced were given an EM taxon name based on morphotyping data. Ninety percent of root tips yielded sequences for BLAST searches.
Statistical analyses
All statistical analyses were carried out using the R statistical environment for statistical computing and graphics (R Development Core Team 2007) . A binomial regression model with a logit link function (logistic regression) and a quasi-binomial generalized linear model (GLM) were used to analyze the seedling survival data, implemented with the glm function (family set to binomial or quasi-binomial). The significance of the regression and treatment levels was determined with a deviance-based test (Faraway 2006) and Wald test (Hosmer and Lemeshow 2000) , respectively. Percentage EM colonization was calculated as the number of EM root tips divided by the total number of root tips (EM and non-EM) multiplied by 100. We calculated EM taxa richness and Shannon diversity index (H 0 ) using functions specnumber and diversity, respectively. The H 0 emphasizes species richness because it is weighted towards rare species (Magurran 2004) . The MorisitaHorn similarity index (C MH ; Magurran 2004) was calculated following Schoonmaker et al. (2007) . Contingency tables were constructed with function chisq.test (Pearson's chi-square test) to test for mesh treatment effects on the occurrence of 13 C-enriched seedlings and on the presence and absence of EM taxa. The effects of the mesh treatments on seedling growth, physiology, excess 12 C-and 14 N-equivalent, and EM status (colonization, richness, diversity) were detected with a one-way analysis of variance using function aov. Physiological responses of donor trees were compared to that of receiver seedlings using t tests. To assess the influence of donor size (height, diameter, stem volume, age, and biomass) on seedling excess 12 C-equivalent, we performed simple linear regression with the function lm. Statistical differences were considered significant at P 0.05.
RESULTS
Survival, growth, and physiological responses
Survival of in situ seedlings increased with mesh size (Fig. 1) . In situ seedlings growing in no mesh had significantly greater survival (for both types of survival, e.g., the proportion of live seedlings to the total number of seedlings germinated per mesh bag and the frequency of mesh bags with live seedlings) than in situ seedlings growing in the 0.5-lm mesh (P ¼ 0.04). The no-mesh treatment was a more realistic representation of full access to a mycorrhizal network (MN) compared to the 250-lm mesh treatment because ectomycorrhizas (EM) taxa (e.g., Lactarius, Russula, Tomentella, spp., and young undeveloped EM) characterized as ''contact'' and ''short-distance'' exploration types (Agerer 2001 ) could form short-distance hyphal connections between the donor trees and seedlings. Survival of planted seedlings was not affected by the mesh treatments (P ¼ 0.17).
Mesh treatment had no significant effect on in situ or planted seedling growth responses (root-collar diameter, shoot biomass, and root biomass) except that mean height (P ¼ 0.14) and height of the tallest (P ¼ 0.13) in situ seedling per mesh bag tended to be greater in the nomesh treatment (data not shown). In 2006, in situ seedlings growing in no mesh tended to have the greatest water use efficiency (WUE; P ¼ 0.07). None of the other physiological responses were affected by the mesh treatments for either the in situ or planted seedlings. Donor trees had greater CO 2 assimilation rates (P , 0.01), ratio of variable to maximum fluorescence (F v /F m ; P ¼ 0.05; where F v is the maximum fluorescence yield minus the minimum fluorescence yield and F m is the maximum fluorescence yield) and foliar nitrogen content (P , 0.01) compared to planted seedlings in 2006 (Table 1) .
Carbon and nitrogen transfer
Carbon isotope transferred from donors was detected in the shoots and roots of in situ receiver seedlings (Fig.  2) . There was a greater frequency of 13 C-enriched in situ seedlings (shoots þ roots) growing in the no-mesh treatment compared to the 35-lm and 250-lm mesh treatments (P , 0.01), but not the 0.5-lm mesh treatment (Fig. 2) . Mean amount of excess 12 Cequivalent transferred also tended to be greatest in in situ seedlings (shoots þ roots) growing in the no-mesh treatment ( Fig. 2 ; P ¼ 0.07). Overall, the amounts of carbon transferred to in situ seedlings relative to the amount assimilated via photosynthesis (0.00037%) or relative to the amount assimilated by donor plant photosynthesis (0.0063%) were very small.
Carbon was also transferred to the shoots and roots of most of the planted seedlings (Fig. 3) . However, mesh treatment had no significant effect on the number of seedlings that were 13 C enriched (P ¼ 0.70) or the mean amount of excess 12 C equivalent transferred (P ¼ 0.91). Out of 36 aerial control seedlings, two were marginally enriched with 13 C (excess 12 C equivalent ¼ 0.064 and 0.059 mg), suggesting that very small amounts of 13 C were respired and taken up in receiver shoots compared with amounts that were transferred belowground.
Transferred nitrogen was detected in the shoots and roots of three of the five in situ seedlings growing in soil (i.e., no mesh; Fig. 4) . None of the three in situ seedlings growing in the 0.5-lm mesh showed evidence of 15 N transfer (Fig. 4) . In situ seedlings growing in no mesh tended to have greater amounts of excess 14 N equivalent in shoots (P ¼ 0.08) and roots (P ¼ 0.13) than in 0.5-lm mesh seedlings. The percentage of nitrogen transferred from the donor plant to 0.5-lm mesh seedlings (0.0011%) and seedlings growing with no mesh (0.0018%) was small (data not shown).
Effect of donor size on carbon transfer
The amount of carbon transferred to in situ seedlings decreased with increasing donor size (Fig. 5 ) and age (R 2 ¼ 0.49, P , 0.01). By contrast, no significant relationship was found for the planted seedlings (data not shown). The strongest relationship was found between in situ seedling root excess 12 C equivalent and donortree diameter (Fig. 5) . Regression analysis indicated no relationship (R 2 ¼ 0.0003, P ¼ 0.94) between d 13 C of donor shoot and donor-stem diameter, suggesting that labeling efficiency was uniform across all donor sizes. Allocation of 13 C (i.e., 12 C equivalent) to roots of large donor trees was greater than to those of medium or small donor trees (P , 0.01). Large donors also had the greatest mean root to shoot biomass ratio (0.41) compared to the medium (0.30) and small (0.33) donors (P , 0.01). Roots sampled from large donor trees tended to have a richer (5.2 vs. 4.1 EM taxa, P ¼ 0.07) and more diverse (Shannon diversity index, 1.3 vs. 0.9, P ¼ 0.01) EM community than those from small donor trees.
Potential for mycorrhizal networks to form
A total of 32 EM taxa were found on both donor tree and seedling (in situ and planted) root systems (Appendix A, Table A1 ). Donor trees and seedlings hosted 31 and 20 EM taxa, respectively, with 19 EM taxa in common. More unique EM taxa were found on donor trees than on seedlings (Appendix A, Table A1 ). The EM community was comprised of many rare and a few abundant EM taxa (Fig. 6) . The five most abundant EM taxa on donor trees and seedlings were Wilcoxina rehmii, Rhizopogon vinicolor, Russula brevipes, Cenococcum geophilum, and Amphinema byssoides (Fig. 6) . Seedling (in situ and planted) EM communities were similar (colonization, richness, and diversity did not differ among seedling types, with C MH similarity index ¼ 93%), so we merged the two data sets for comparisons with the donor tree EM communities. Donor trees and seedlings (in situ and planted) shared 59% of all EM taxa found in this study (Appendix A, Table A1 ), and 80% of those taxa had a relative abundance on root tips .5% (Fig. 6 ). The C MH similarity index indicated there was 84% similarity between the donor tree and receiver seedling EM communities.
Mesh effects on ectomycorrhizal communities
After one growing season, in situ seedling EM colonization tended to be greatest (99%) in the no-mesh treatment (P ¼ 0.06), but this effect disappeared in the following growing season, when overall colonization levels were the same across all mesh treatments for all host plants (Table 2 ). In situ seedling EM richness and diversity were unaffected by the mesh treatments (data not shown). After three growing seasons, plantedseedling EM diversity was greater in no mesh than the 0.5-lm mesh treatment (P ¼ 0.05), whereas colonization and richness were unaffected (Fig. 7) .
DISCUSSION
Increasing access to mycorrhizal networks (MNs) and mycorrhizal roots of mature trees improved survival of seedlings grown from seed (in situ seedlings) in the field, but this was not the case for planted seedlings initially grown in a greenhouse. These results suggest MNs are more beneficial for newly germinated seedlings struggling to establish under the harsh conditions found in these dry forests (Vyse et al. 2006) . Therefore, we accept our first hypothesis that seedling survival increases with greater access to a MN when seedlings are grown from seed, but reject it when they are first grown in the greenhouse and then planted in the field (planted seedlings). Mycorrhizal networks and mycorrhizal roots of donor trees may have been relatively more beneficial for in situ seedlings than planted seedlings because in situ seedlings were significantly smaller (i.e., lower surface areas for photosynthesis and nutrient uptake). Even though their absolute physiological activities also tended to be lower, the relative demand for nitrogen in the foliage of in situ seedlings was likely relatively greater than that of planted seedlings, which had older needles and the capacity to recycle foliar nitrogen (Lambers et al. 1998) . These mechanisms could explain why in situ seedlings appeared to benefit more from MNs than planted seedlings.
The magnitude of the belowground facilitative effects are ecologically important because full access to the network increased survival by 26.1% (occurrence basis) compared with no access to the network. Since seedling survival in these dry forests is low, and regeneration failure is commonplace (Newsome et al. 1991 , Simard et al. 2003 , we hypothesize that small resource gains provided by a MN could make the crucial difference for successful forest establishment. Our results agree with McGuire (2007) , who found increased survival of seedlings, as well as increased seedling height and number of leaves, where they had access to a MN in a dense, monodominant, ectomycorrhizal (EM) tropical forest. The beneficial MN effects observed in our study came from single small trees compared with groups of large trees in the study of McGuire (2007) , suggesting MNs with several mature ''edge'' trees may be even more beneficial to regeneration of small canopy gaps created by small-scale disturbances (Vyse et al. 2006) .
The mesh treatments had little effect on seedling growth or physiology, likely due to the full-light conditions in which they grew, leading us to reject our second hypothesis, that access to a MN increases seedling growth and physiological responses. In situ seedlings tended to be taller in the no-mesh treatment, but high mortality resulting in poor replication may have precluded us from detecting a significant size effect. It is also possible that we missed a critical period for capturing physiological differences among mesh treatments because we were unable to measure the germinating seedlings in the first year due to their small size.
Interplant carbon and nitrogen transfer from donor trees was facilitated by full access to MNs and mycorrhizal roots of trees for in situ seedlings but not for planted seedlings. The mean amounts of carbon and nitrogen transferred tended to be highest where in situ seedlings had full access to a MN and mycorrhizal roots, thus partly supporting our third hypothesis that carbon and nitrogen transfers from donors to receivers. Although root biomass did not differ among mesh treatments, roots of in situ seedlings in the no-mesh treatment were in relatively closer proximity to (but generally not intermingling with) donor-tree roots compared to the other mesh treatments. This greater proximity would have resulted in greater short-distance MN connections, shorter distances for carbon and nitrogen to travel in soil, and consequently, greater potential for receiving carbon and nitrogen. That transfer occurred in all mesh sizes suggests that soil, hyphae, and rhizomorphs were all important in nutrient transfer, supporting earlier research involving transfer through different EM taxa (Brownlee et al. 1983 , Simard et al. 1997 .
The absolute and relative amounts of carbon transferred after a 7-day chase period in mid-summer were very low, suggesting that carbon transfer may not be ecologically important during the middle of the growing season (July) under full-light conditions. Other studies examining transfer over several periods during the growing season suggest that transferred amounts peak in the fall when root and mycorrhizal development is greatest (Lerat et al. 2002 , Philip 2006 . At our harsh site where carbon fixation is limited by low soil-water availability in August (Fleming et al. 1998) , carbon and nutrient transfer accumulated over the whole growing season or at critically important periods may be significant to the survival of establishing seedlings. That resource transfer may be more important to establishing seedlings in the fall than summer, and in their second than first year, is supported by patterns of EM development in these forests, where mycorrhizas are not apparent during the first season, but are fully developed by the second autumn following germination (J. Barker, unpublished data).
Interplant carbon transfer also occurred to a lesser extent in the 0.5-lm mesh treatment, indicating resources traveled at least some distance through soil (Simard and Durall 2004) . Since root tips of in situ seedlings in the 0.5-lm mesh treatment were heavily colonized by EM fungi and were not in close proximity to the mesh material, we suspect that carbon moved predominantly via a mycorrhizal-soil pathway, where carbon leaked into the soil via the hyphae of the donor tree was then taken up by the same or different EM fungi colonizing the receiver seedling. During this process, the carbon leaked into the soil may have been subject to microbial turnover. This pathway implies that small gaps (produced by the mesh barrier) were present between the FIG. 5. The relationships between enriched in situ seedling root excess 12 C equivalent and (A) donor-tree diameter, (B) donor-tree stem volume, and (C) donor-tree dry biomass. extraradical mycelium of two mycorrhizal plants (i.e., donor tree and in situ seedlings). In nature, MNs are dynamic, and small gaps are likely to form because of mycelium fragmentation by soil fauna (Tuffen et al. 2002 , Johnson et al. 2005 ), hyphal degradation, or incompatibility of some of the involved fungal taxa (Webster and Weber 2007) .
The movement of carbon and nitrogen between donor trees and both types of seedlings may have been regulated by a foliar nitrogen source-sink gradient, from the nitrogen-rich donor trees to the less nitrogenrich seedlings. It has been suggested that carbon and nitrogen could move as free amino acids across the Hartig net (a complex, highly branched hyphal structure FIG. 6 . Relative abundance of donor tree and seedling (in situ and planted) ectomycorrhizal (EM) taxa. found between root cells where nutrient exchange between fungus and plant occurs) of seedlings (Simard and Durall 2004) . It is also possible that transfer between donor trees and seedlings was regulated by a carbon source-sink gradient, or by both carbon and nitrogen gradients, since donor trees had greater CO 2 assimilation rates and were less stressed (i.e., had a higher ratio of variable to maximum fluorescence) than planted seedlings.
We expected carbon transfer to occur from donor trees to regenerating seedlings along a physiological source-sink gradient, where donor trees were photosynthesizing at higher rates than the seedlings. We also expected larger donor trees to be greater sources of carbon than smaller trees. Earlier work in arbuscular mycorrhizal (AM) communities, for example, suggested that carbon transfer to understory sink seedlings increased with the canopy dominance of source plants (Grime et al. 1987) , particularly where they were highly dependent on mycorrhizas (van der Heijden 2002) . Surprisingly, we found that donor size was inversely related to the amount of carbon transferred. Hence, we rejected our hypothesis that the magnitude of carbon transferred is positively correlated with donor-tree size.
This trend could not be explained by carbon-allocation patterns to donor tree roots since the percentage of carbon allocated belowground (roots and EM) increased with donor-tree size. However, our results could be explained by the relative sink strength of in situ seedlings. In situ seedlings would have had greater relative sink strength when connected to smaller rather than larger donor trees. It could also be explained by the considerably older age of larger understory (donor) trees that had existed for many decades in the shade of these forests (Heyerdahl et al. 2007 ); their greater age may have been associated with higher root-maintenance respiration costs and fewer exudates available for transfer than in smaller donors, as suggested by their higher root : shoot ratios (Ryan et al. 1997) .
Carbon-allocation patterns to MNs could also influence carbon-transfer patterns, and they may be governed less by donor-tree size and more by composition of EM community, spatial orientation of the extraradical mycelia, or canopy light conditions. Larger donors had more diverse EM communities than smaller donors because of a greater number of non-networking taxa, which could have been competing sinks with shared taxa for donor carbon. This, combined with the lower MN potential, could explain why larger donor trees transferred less carbon to neighboring seedlings than smaller donors. Allocation of carbon to extramatrical mycelia forming a MN is likely patchy and may be related more to light patterns and EM community composition than whether the MN is intact, discontinuous, or disrupted (Nakano-Hylander and Olsson 2007).
The potential for MNs to form was high because the donor tree and seedling EM community compositions were similar. The majority of the shared EM taxa were also the most abundant members of these communities. Our other studies in similar forests show that older, larger Douglas-fir trees share most of the same EM fungal taxa, as well as the same Rhizopogon vinicolor genet, with planted seedlings (Teste 2008 ). Our findings corroborate other studies showing high potential for MNs to form among conspecific trees (Jonsson et al. 1999 , Haskins and Gehring 2004 , Matsuda and Hijii 2004 , Cline et al. 2005 as well as among different tree species (Kennedy et al. 2003 , Twieg et al. 2007 ).
Mycorrhizal-network-mediated colonization did not play an important role in transmitting EM fungi from donor trees to seedlings, likely because the EM inoculum (spores, sclerotia, severed tree EM tips, and network hyphae) potential of the site was high, enabling rapid colonization of the seedlings' extensive root systems from soil inside the mesh bags. Ectomycorrhizal inoculum is often maintained at high enough levels in the year following clear-cutting that colonization of planted seedlings is not hindered . Nevertheless, some MN-mediated colonization of seedlings could have occurred; because MN-potential is high on these sites, it is possible that MNs formed after initial colonization and subsequent anastomosis (Glass et al. 2004 , Jakobsen 2004 .
Conclusions
This study makes an important contribution by demonstrating that seedlings (grown from seed in the field) with increased access to MNs and mycorrhizal roots of mature trees have reduced risk of mortality, and the carbon transfer we measured does not appear to be responsible for this effect after disturbance under fulllight conditions. Seedlings grown from seed in the field benefited more from access to the MN than did planted seedlings, possibly because they received relatively more nitrogen from donor trees. Increasing size of ''donor'' trees was associated with declining carbon transfer, which may be related to their greater degree of root colonization by non-networking fungi or increased maintenance respiration. It appears that donor source strength is a poorer predictor for variation in extent of carbon transfer than receiver sink strength. Access to MNs and mycorrhizal roots of residual mature trees appears to be ecologically important for seedling establishment (from seed) following disturbance in dry interior Douglas-fir forests, and this may become increasingly important to reforestation of sites that are stressed by site degradation, exotic AM weed invasion, or climate change.
